cAR1, a G-protein-linked surface cAMP receptor, plays a central role in the development of Dictyostelium. To investigate its role, we sought to target the cAR1 gene by homogolous recombination. Transformation of these amoebas with appropriately designed vectors results in integration into the cAR1 locus with high frequency. cAR1 "null" mutants, resulting from double crossover events, fail to bind or sense cAMP and arrest in early development. The null mutants can be rescued by constitutive expression of a wild-type cAR1 cDNA. Carboxy-terminal deletion mutants, derived from single crossover events, express a truncated form of cAR1 that binds and senses cAMP. These cells proceed through the developmental program, albeit with a delay. Constitutive expression of a similar truncated form of cAR1 also rescues the null mutant. These observations prove that cARl-mediated signal transduction controls the development of Dictyostelium and allow structural/functional studies of a G-protein-linked receptor in its natural context.
When deprived of a nutrient source, Dictyostelium amoebas synchronously aggregate into a multicellular organism and differentiate into stalk or spore cells (Gerisch 1987; Janssens and Van Haastert 1987; Devreotes 1989) . The spontaneous aggregation is mediated by a signaling system in which binding of extracellular cAMP to surface receptors triggers activation of adenylate cyclase. Newly synthesized cAMP is then secreted, completing a positive feedback loop that, when coupled to a rapid, reversible adaptation of the response, causes cAMP levels to oscillate. The oscillatory signal is relayed to distal cells and the chemotactically sensitive cells aggregate in response to the propagated cAMP waves. Many genes that are expressed in early development during aggregation require the cAMP oscillations and are suppressed by a constant level of extracellular cAMP. In contrast, genes that are expressed in later development as the cell types emerge require a constant level of extracellular cAMP (Schaap and van Driel 1985; Gomer et al. 1986; Haribabu and Dottin 1986; Oyama and Blumberg 1986; Kimmel 1987; Mann and Firtel 1987) . Mutants with defective oscillators fail to differentiate, but can be rescued by subjecting them to first periodic and then continuous exogenous cAMP.
Many of these cAMP-induced responses appear to be mediated by cAR1, a G-protein-coupled receptor that detects extracellular cAMP (Klein et at. 1988) . cAR1 is coupled to the Gc~2 protein, which in rum appears to be coupled to a phospholipase C (PLC) (Van Haastert 1984; Newell et al. 1988; Van Haastert et al. 1989) . Inactivation of Ga2 blocks all cAMP-mediated responses and ~Corresponding author.
halts the developmental program (Kumagai et al. 1989} . Stimulation with cAMP induces an extensive phosphorylation of cAR1. The kinetics and dose dependence of this phosphorylation reaction suggest that it causes adaptation, a gradual uncoupling of the receptor from G~2. Adaptation and deadaptation, which occur upon stimulus removal, play a central role in regulation of the cAMP oscillator (Devreotes and Sherring 1985; Klein et al. 1985; Vaughan and Devreotes 1988) .
We have described several cAR1 antisense cell lines that express negligible levels of cAR1 protein (Sun et al. 1990} . The lines fail to differentiate when starved and are unresponsive to cAMP as a chemoattractant or stimulator of intracellular second messengers. Although these observations have been satisfying, the technique of antisense mutagenesis does formally leave open altemate interpretations. For instance, we have recently discovered that there are genes for four subtypes of cAMP receptors: cAR1, cAR2, cAR3, and cAR4 {Saxe et al. 1990) . It is conceivable that certain phenotypic consequences of the cAR1 antisense mutagenesis are attributable to loss of a cAR besides cAR1. Furthermore, we were not able to determine whether certain "residual" wild-type phenotypes, such as the tendency of a minor fraction of the antisense cells to aggregate, were merely due to incomplete inhibition of cAR1 expression or represented a function of another cAR.
To address these issues, we created cell lines in which the endogenous cAR1 was disrupted by homologous recombination. Cell lines in which cAR1 is completely inactivated display a similar phenotype to the antisense lines except that the failure to aggregate is absolute. These null cell lines serve as hosts for expression of wild-Chemoattractant receptors in Dictyostelium type and altered cAR1 genes. We also show that mutated versions of cAR1 can be crossed into the cAR1 genomic locus of wild-type cells switching the form of cAR1 protein expressed from the endogenous promoter. Together, these advances provide a convenient system for a genetic analysis of the role and function of a G-protein-linked receptor in chemotaxis and development.
Results

Strategies for targeting of cAR1 gene
Two different targeted recombination strategies were used to either inactivate the endogenous copy of the cAR1 gene or replace it with a mutationally altered variant. In the first, designed to produce mutants containing a copy of the marker gene within the sixth transmembrane domain of the cARl-coding sequence (after residue 208), cells were transformed with the linearized vector illustrated In Figure 1A . In principle, this strategy requires a double crossover event for insertion of the marker into the genomic copy of cAR1. In the second, illustrated in Figure 1B , cells were transformed with a circular vector containing an intemal fragment of the cAR1 cDNA. This vector was designed to integrate by a single crossover event resulting in tandem repeat of the endogenous cAR1 gene. The most 5' copy is driven by the endogenous promoter and is deleted on its carboxyterminal end (after residue 317). The most 3' copy has no promoter and is deleted on its amino-terminal end (Fig.  1B) . Note that the resultant genomic structure in B has the potential to excise itself by homologous recombination, whereas that in A does not.
Polymerase chain reaction analysis
Because we expected to obtain " r a n d o m " integrations as well as the predicted events, various polymerase chain
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• e l i l l reaction (PCR) strategies were devised to permit screening of heterogeneous pools of individual transformants for detection of homologous recombination events (for the predicted double crossover events, refer to Fig. 1A ). Primer 1 is located within the 5' end of the cAR1 gene; primer 2 is located within the inserted G418 R cassette. A crossover within the 5' arm of the transforming vector will create a unique PCR template of 0.9 kb. Wild-type cells or cells carrying random insertions will not contain this template. A similar strategy, involving primers 3 and 5, was used to screen for potential mutants resulting from transformation with the single crossover vector (Fig. 1B} . In both cases, individual positive clones were checked with primers 3 and 4 for the absence of intact cAR1 gene. We initially tested pools of 3-12 transformants and found that most pools contained positive bands (not shown). Therefore, individual transformants from these pools were analyzed further by DNA blot.
DNA blot analysis
To diagnose the anticipated double crossover integration event restriction enzymes with one site within the inserted sequence, such as EcoRI and ClaI, or with one site in the cARl-coding sequence, such as NdeI, were used. Analysis of one of the positive transformants, designated a208, is illustrated in Figure 1A . The 8.5-kb wild-type EcoRI fragment is missing in the mutant and replaced by two smaller fragments of predicted size (6.6 and 4.0 kb). Also the 9.6-kb wild-type ClaI fragment is missing in the mutant and replaced by two smaller fragments of predicted size (6.3 and 4.7 kb). Digestion with NdeI, which cuts only once in the cAR1 gene yielded an unaltered 5' fragment of 12 kb, whereas the 3.4-kb wild-type 3' fragment was replaced by a 5.7-kb fragment in the mutant. These results are completely consistent with the scheme depicting a double crossover event resulting in integration of a single copy of the linear transforming vector. The same transforming vector was used to produce equivalent a208 transformants in strains HC6, AX3, and HPS400 (Fig. 1A) . A discussion of the frequencies of production of these and altemative mutations is presented below.
A ClaI site adjacent to the 3' end of the cAR1 insert in the vector was chosen to diagnose the expected single crossover integration event. Analysis of one of the positive transformants, designated 4317, is illustrated in Figure lB. When probed with oligomer 3, the wild-type 9.6-kb ClaI fragment is replaced with a 3.0-kb fragment in the mutant cell lines. It was also possible to recover and sequence the mutant cAR1 locus. Genomic DNA from the A317 cells was digested with XbaI followed by ligation and transformation of Escherichia coli. Note in Figure 1B that the predicted XbaI fragment would contain the 5' end of the cAR1 gene linked to the truncated cAR1 cDNA and the pBSA15 plasmid. Sequence analysis of the recovered plasmids showed this expected structure. Furthermore, no intron was present within the cAR1 region. These observations illustrate that the circular vector integrated into the endogenous cAR1 gene by homologous recombination and the point of crossover was 5' to the intron. A number of A317 transformants were also probed with a full-length cAR1 eDNA. Several copies of the marker gene, ranging from two to five, were found to be inserted between the illustrated junction fragments (data not shown).
Reintroduction of cAR1 into the/1208 mutants
Several strategies were employed to reintroduce a functional cAR1 gene into the various a208 mutants. First, in the thymidine-requiring HP400 cell line, we utilized the THY1 gene, which complements the thymidine auxotrophy, as a second marker (Dynes and Firtel 1989) . Second, as a208 transformants grow poorly on higher concentrations of G418 (40 ~g/ml), "retransformed" clones could be selected on high G418 concentrations.
The mutant cell lines were transformed again with cAR1 expression vectors, containing the cAR1 eDNA driven constitutively by the actin 15 promoter. Previous experiments have shown that in wild-type cells, constitutive expression of a full-length or a truncated form (at residue 311) of cAR1 from these vectors is not deleterious for growth or development (R. Johnson, A. Kimmel, and P. Devreotes, unpubl.) . Transformants that were able to survive without thymidine (in strain HPS400) or were resistant to higher concentrations of G418 (in strain HC6) were screened for successful complementation by observing their ability to aggregate. The DNA blot analysis of one of these aggregation-positive transformants, designated [cAR1], is illustrated in Figure 2 . Note that the endogenous cAR1 gene is absent and the disrupted copy is present, exactly as in h208 cells, as evidenced in EcoRI and XbaI digests. However, these cells now contain, in addition, 5-10 copies of the cAR1 expression vector presumably integrated at a single nonhomologous site as evidenced by the heavily hybridizing bands. A similar complementation was carried out with a 3' deleted version of the cAR1 expression vector creating the cell line designated [cARla311] (Fig. 2) .
Expression of cAR1 mRNA
Expression of cAR1 mRNA in the wild-type and A208 cells was analyzed during starvation (Fig. 3) . The level of the major wild-type mRNA {2 kb) peaked at 3 hr and declined by 6 hr, at which time a secondary RNA (2.1 kb) appeared (Saxe et al. 1990 ). As anticipated, the 4208 mutant does not produce these full-length mRNAs (Fig. 3A) . When a 3' fragment of cAR1 was used as a probe, both bands were absent; a very minor -1 kb-band, which may have been produced from the G418 ~ cassette promoter, was detected. When a 5' fragment was used as a probe, a 1.9-kb band was detected. This 1.9-kb mRNA is thought to initiate in the endogenous cAR1 promoter and terminate in the actin 15 terminator of the G418 R cassette (see Fig. 1A ). The appearance of this partial cAR1 mRNA was greatly delayed compared with the wild type. Nevertheless, these observations suggest that functional cAR1 protein is not essential for expression of its early tran-
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GENES & DEVELOPMENT script, although it is required for the late 2.1-kb mRNA that appears from 6 hr until the final aggregation.
The A317 mutants expressed a predominant mRNA of ~4.5 kb and a series of apparent degradation fragments. This mRNA is thought to result from a fusion of the amino terminus of cAR1 to the plasmid portion of the transforming vector. Calculations indicate that this mRNA may terminate within the promoter of the G418 R cassette (Fig. 1B) . This fused mRNA is expressed maximally at 3 hr, similar in timing to the endogenous wildtype mRNA. A similar sized band appears in late development; it peaks slightly later (~21 hi) than the 2.1-kb band in wild-type {~18 hr) cells. When A208 mutants were rescued with the overexpression vectors creating cell lines designated [cARl] (data not shown) or [cARlA311] {Fig. 3B}, a high level of corresponding mRNA was observed throughout the developmental program.
Expression of cAR1 protein and cell-surface cAMP binding
The profile of expression of the cAR1 protein in these transformants was analyzed with antisera specific to the last 18 amino acids of cAR1. In wild-type cells, typical immunoblots show an increased production of cAR1 antigen during early development that peaks at 6-8 hr. No detectable cAR1 antigen was present in the A208 or the A317 mutants at any stage of starvation {Fig. 4). The {cARl] ceils contained a high level of cAR1 antigen during growth and development.
Corresponding to the increase in cAR1 protein, parental strains typically display a 15-fold increase in cAMPbinding activity with a peak at 7-8 hr of development {Fig. 5). Under a variety of conditions, in multiple experiments similar to that shown in Figure 5 , the A208 mutants failed to display any significant cAMP-binding activity. The absence of cAR1 antigen and cAMP-binding activity in the A208 mutants is consistent with the RNA blot analysis, which revealed only a partial cAR1 mRNA. Even if an undetected fragment of cAR1 protein is present, termination within the sixth transmembrane domain should completely inactivate cAMP-binding activity; studies of the B-adrenergic receptor have indicated that all of its seven transmembrane domains are needed for ligand-binding activity {Dixon et al. 19871 . In contrast, the A317 mutant did develop binding activity, although its appearance was delayed. The {cARlA311] cells showed high binding activity throughout development {Fig. 5). The binding activity of the A317 and {cARlA311] mutants was characterized by photoaffinity labeling. As illustrated in Figure 5B , rather than the 40-kD polypeptide labeled in the wild type, in the A317 cells the cAMP-binding activity was associated with a poly- Figure 3 . cAR1 blot analysis of strains A208, A317, {cARlA311], and wild-type cell (HC6). Cells were grown in HL-5 with the appropriate amount of G418 (see Materials and methods}, washed, and placed on the surface of a non-nutrient agar plate at 6.4 x l0 s cell/cm 2. Wild-type cells completed development by 24 hi, and A317 and {cARlA311] by 27 hr. Cells were washed off the plate at each specified hour, and total RNA was isolated, size-ffactionated in formaldehyde agarose gels, and transferred to nylon membranes. Random-primed 5' (nudeotides 22--539) or 3' (nucleotides 904-1179} fragments of cAR1 cDNA were used as probes. Major band(s) in wild type are 2.0 and 2.1 kb~ in A208, 1.9 (5' probe) and -1.0 kb (3' probe}~ in A317, 4.5 kb; in {cARlA311], -1.9 kb. 
Phenotypic consequences of cAR1 disruption or replacement
When examined under a variety of standard developmental conditions, the A208 mutants remained as a smooth monolayer of cells; no signs of development appeared even after 2 weeks of observation. The &317 and [cARlA311] mutants appeared normal when grown on and allowed to clear bacteria plates; however, on nonnutrient agar dishes, which allow more synchronous development, these cell lines were delayed. Constitutive overexpression of cAR1 in the a208 cells returned the phenotype nearly to that of the parental cell. Normal waves and streams were observed, and a large fraction of the cells completed the developmental program.
As wild-type cells differentiate, they develop cAMP chemotactic sensitivity. Peak activity coincides closely with the maximal expression of cAR1 (Table 1) . When the a208 mutant was examined in multiple tests in several cAMP chemotaxis asays, it failed completely to respond within the sensitive time and dose range of wildtype cells. The cells, however, retained chemotactic sensitivity to folate, a chemoattractant for growth stage cells. The [cAR1] transformant regained its chemotactic sensitivity to cAMP. In addition, the amino-terminal four-fifths of cAR1 appears to be sufficient for chemotaxis to cAMP, as the a317 as well as the [cARlA311] mutants are nearly as competent as wild type. It was surprising to note that a208 cells began to develop chemotactic sensitivity to cAMP after 13-16 hr of starvation. These responses were weak and required higher concentrations of the chemoattractant. The responses, however, appeared to be specific as equal concentrations of 5' AMP were inactive. Because cAR1 cannot be ex- pressed, these results suggest that one of the other cARs is mediating this function.
Dependence of gene expression on cAR1
Studies of the effects of extracellular cAMP on development suggest that surface cAMP receptors regulate the expression of multiple genes at each stage of the program. The time course of expression of several typical genes was monitored in wild-type and cAR1 mutant cell lines to document initially that cAR1 plays a key role in these processes.
Phosphodiesterase (PDE) is one of the genes that plays an important role in modulating the extracellular cAMP concentration during development. Wild-type ceils expressed the three distinct PDE mRNA species of 1.9 kb [at t =0), 2.4 kb (early development), and 2.2 kb {at late developmentl as reported (Faure et al. 1990 ). The A208 mutant expressed the 1.9-and 2.4-kb forms that peaked at a much later time in development (-15 hr) than the wild-type cells {-3-6 hr) but not the 2.2-kb form {Fig. 6). The A317 mutant has a nearly normal spectrum of PDE mRNAs during development, except the late mRNA (2.2 kb) was delayed by -3 hr. The [cARlA311] mutant displayed normal early PDE mRNAs; however, the mRNA signal became stronger by 9 hr, and after a short decline, a very high level of mRNA reappeared and plateaued during late development.
Developing cells sequentially express a series of cARs (Saxe et al. 1990 ). In wild-type cells the major cAR8 mRNA peaked at 6 hr and, later, at 15 hr, displayed a The percentage of droplets that respond positively are presented. Ranges of 25--40 droplets were tested for each percentage indicated.
second minor peak (R. Johnson, A. Kimmel, and P. Devreotes, unpubl; Fig. 6 ). Although the A208 mutant cells clearly did express cAR3 mRNA, the same level of expression was never obtained. Instead, it appeared at a low level in early development and gradually reached a peak at 15 hr. The pattern of expression in the A317 cells was similar to wild type, with major and minor peaks in early and late development; however, both peaks were delayed by 3 hr. In the [cARlA311] cells, both peaks were delayed by 6 hr and were briefer and lower when compared with wild-type cells, cAR2 mRNAs, which are expressed in the later stages of development (C.L. Saxe III, P. Devreotes, and A. Kimmel, unpubl.), were not detected in the A208 m u t a n t cell line (data not shown). [cARlA311] cells, Dd63 was expressed by 12 hr, and like the other genes, it was completely lost and t h e n reappeared at 18 hr and peaked at 24 hr.
Frequency of homologous recombination
D N A blots of independent clones from each transformation generally revealed three major classes of events. (1) Clones that contained only an intact copy of the cAR1
gene. These were considered to be " r a n d o m " integrants.
(2) Clones that contained only the predicted, altered copy as those described in Figure 1 . (3) Clones that contained an altered copy as well as an intact copy. The frequency of obtaining these classes is listed in Table 2 , and some examples are illustrated in Figure 7 . Because the cell lines before and after transformation are haploid as evidenced by c h r o m o s o m e staining, the existence of class 3
suggests that the cAR1 locus is duplicated or becomes duplicated during transformation. We also noted that although the formation efficiency is highest in strain HPS400, the frequency of obtaining desired m u t a n t s appeared to be highest in HC6. This effect may be due to a variable t e n d e n c y toward duplication of cAR1 genes in various laboratory strains. The single crossover m u t a n t s (see Fig. 1B ) presented here were obtained in HC6. Extensive efforts to obtain similar " h o m o z y g o u s " single crossover m u t a n t s (class 2, above) have not been successful in AX3 and HPS400. Instead, individual clones that contained a classic single crossover event, as well as an intact copy of the endogenous cAR1 gene (class 3 above), were r o u t i n e l y obtained (Fig. 7) . All of the strains that contained a wild-type copy of the gene were aggregation positive. The class 2 transformants could thus be selected by screening for aggregation m i n u s phenotype. In addition, certain clones from a transformation sometimes contained m u l t i p l e additional copies of the transforming vector integrated " r a n d o m l y " or w i t h i n the dis- rupted cAR1 locus (Fig. 7) . In Table 2 these events are designated separately as simple (S) or complex (C).
D i s c u s s i o n
We have presented evidence that cAR1 is crucial for early development and aggregation in Dictyostelium.
This is clearly d e m o n s t r a t e d by the A208 m u t a n t s that develop neither cAMP-binding activity nor cAMP che- bCAR1, carl, and carl~CAR1 reflect DNA blot analysis of individual clones. (CAR1) The wild-type structure was observed; (carl) the predicted homologous recombination event was observed; (carl/CARI) the clone contained both structures.
CAs indicated in the text, S (simple) means that clone contained no extra copies of vector. dAs indicated in the text, C (complex) means that clone contained extra copies of transforming vector. eTotal number of transformants/total number of initial cells. Because the effects of Poisson distribution were not taken into account, this is a minimum estimate. fThis distribution was biased by selection of clones that failed to aggregate. gin most cases, these genotypes were based on PCR data. In some cases, they were confirmed by DNA blots.
Chemoattractant receptors in Dictyostelimn motactic sensitivity upon starvation. All of these characteristics can be restored by constitutively expressing the protein in the A208 mutant ([cAR1] cells). These observations firmly establish a role for a G-protein-coupled surface receptor in a developmental program. Furthermore, disruption of Ga2, thought to be linked to cAR1, produces nearly the same phenotype (Kumagai et al. 1989) . In Dictyostelium the effector of cAR1/Ge~2 is believed to be a PLC; thus, the signaling system may control phosphoinositol (PI) metabolism. G-protein-coupled receptors have not yet been implicated in the developmental programs of higher eukaryotic organisms, although there are indications that such evidence may appear. Interference with PI metabolism has dramatic effects on axis formation in Xenopus laveis (Busa and Gimlick 1989) . In a Drosophila mutant, concertina, which arrests at gastrulation, the affected gene product is homologous to a G-protein ~-subunit (Parks and Wieshans 1991) .
We have begun to explore the role of cAR1 in early development in cells that lack functional cAR1. In the A208 mutants cAMP-mediated signal transduction events are blocked and the vast majority of the cells fail to aggregate or differentiate when mixed with wild-type cells and thus are unable to send or receive cAMP signals. A number of early genes are still expressed, but the time course is markedly delayed or altered. These appear to be very specific defects for sensing cAMP signals as cells continue to grow normally and retain chemotactic sensitivity to folic acid.
Is cAR1 the chemoattractant receptor or is it merely required for expression of another cAR that fulfills this role? Because the A208 cells ultimately did display weak chemotactic responses to cAMP, an additional cAR can at least partially substitute for cAR1. A likely candidate is cAR3, which is expressed in the A208 mutants at the time they become maximally sensitive to cAMP (after 13-16 hr). In addition, high cAMP concentrations are required for this chemotactic response, which is consistent with the observation that constitutively expressed cAR3 does have a significantly lower affinity for cAMP (R. Johnson, P. Van Haastert, and P. Devreotes, unpubl.) . Although these results suggest that another cAR can substitute for cAR1 in its absence, it remains likely that cAR1 mediates aggregation and the other cARs have roles in later development during the stages at which they are maximally expressed. To address these issues, we plan to disrupt each of the other cARs.
The A208 mutant remained as a monolayer of cells when plated on sterile non-nutrient agar dishes at any density or in association with Enterobacter aerogenes, unlike the cAR1 antisense cell lines in which -5-20% of the cells will eventually form tiny fruiting bodies. Interestingly, the A208 mutants could coaggregate with wild-type cells and form spores; however, the efficiency of this synergistic aggregation was extremely low. In two experiments, when cells were mixed in A208 / wild-type ratios of 9 : 1, only 13% or 4% of the resulting spores scored as A208. This coaggregation cannot be simply replaced by exogenously providing pulsatile cAMP to developing A208 cells during early differentiation. The A208 mutants were also occasionally observed to form tiny fruiting bodies near certain unidentified contaminating microorganisms present in the non-nutrient agar dish or in the Enterobacter culture. Some signal may be produced by the unidentified microorganisms, as well as the wild-type cells that can be weakly sensed by the A208 mutant and allow them to bypass the requirement for cARl-mediated signal transduction in early development.
In the A317 cells, replacement of the expressed cAR1 with the amino-terminal four-fifths of the coding sequence by a single crossover event left several cAR1 functions intact. These A317 cells retained cAMP-binding activity and chemotactic sensitivity and completed the developmental program. Overexpression of the truncated protein (amino-terminal four-fifths) enabled the A208 mutant to differentiate [cARlA311] cells. In both cell lines normal fruiting bodies were formed. These observations suggest that the carboxy-terminal one-fifth of the cAR1 protein is not essential for development. Several ligand-induced activities of cAR1 are believed to be crucial during early development. First, excited cAR1 activates Gcx2; second, cAR1 is phosphorylated on its carboxy-terminal domain, which presumably attenuates its G-protein-activating capacity. Considering that the A317 and [cAR 1 A311 ] cells differentiate normally, the aminoterminal four-fifths of the cAR1 protein must contain the Gcx2 interaction domain as well as at least some of the crucial phosphorylation site(s). What, then, is the role of the last one-fifth of the cAR1 protein? The A317 mutant has a similar course of mRNA profiles as the wild-type cell, but its maximal cAMP-binding was greatly delayed. This inconsistency in the pattern of mRNA versus the cAMP-binding activity in the A317 mutant may suggest that the protein has a rapid turnover rate in early development. The carboxy-terminal onefifth of cAR1 may be involved in resistance to degradation by aggregation stage protease{s). Alternatively, the last one-fifth of the cAR1 protein may be involved in the targeting of this receptor to cell surface.
The small genome size (3 x 104 kb) and the availability of several selection systems make Dictyostelium very amenable to molecular genetic manipulation. It may provide an important model system to study development. The ease in obtaining null mutants by homologous recombination further advances the potential use of this organism to study a wide variety of fundamental biological processes (DeLozanne and Spudich 1987; Witke et al. 1987) . Initially, when we encountered difficulty in obtaining cAR1 null mutants, we were concerned that developmentally regulated genes might be more difficult to target, limiting the versatility of the system. Our evidence suggests instead that certain genes, such as cAR1, can become duplicated; yet it is still possible to target all genomic copies by homologous recombination to generate null mutants. The frequency of obtaining desired mutants was not necessarily correlated with overall transformation efficiency, possibly due to the extent of cAR1 gene duplication present in the Witke et al. 1987; Jung and Hammer 1990) .
Materials and methods
Vector construction and transformation of Dictyostelium
Double crossover vector A BamHI-BglII fragment from NeolAXTBR (A15TX; Cohen et al. 1986 ) containing the G418 R cassette (NPT1 gene flanked by the actin 15 promoter and the actin 15 terminator) was inserted into the cAR1 cDNA clone p6B (Klein et al. 1988 ) at the BclI site located at nucleotide 627. In the numbering of nucleotide bases in this article, the first base of the cARl-coding sequence is taken as nucleotide 1. The final plasmid has the G418 R cassette terminator region adjacent to the 5' arm of cAR1. The vector was linearized with BamHIXhoI-NdeI and purified by phenol/chloroform and chloroform extraction. After ethanol precipitation the DNA was dissolved in TE.
Single crossover vector An internal fragment of cAR1 cDNA {nucleotides 22-954) was subcloned into pBSA15 at its EcoRV site {pBSA15 is Bluescript containing the G418 R cassette of A15TX in its BamHI-EcoRI site). The fusion added 20 irrelevant amino acid residues to the truncated cAR1. The terminator of the G418 R cassette is adjacent to the 5' end of the cAR1 gene, and the T3 primer of Bluescript is adjacent to its 3' end. The vector was lineanzed with NdeI and extracted as described above.
DNA was introduced into Dictyostelium, strain HC6 (Coukell 1975), AX3, or HPS400 {Podgorski and Deering 1984) by electroporation (Howard et al. 1988 ) at 1.3 kV with a • value of 0.7-1.1 msec. After 24 hr, cells were divided into 96-well plates and G418 was introduced at 6 t~g/ml {HC6) or 10 ~g/ml {AX3, HPS400). Medium was changed weekly thereafter. Confluent wells were transferred into 24-well plates and maintained.
pThylcAR1, pB18cARA(311-392)(R. Johnson, R. Vaughan, M. Caterina, P.J.M. Van Haastert, and P.N. Devreotes, unpubl.) , and pATANB43 (Dynes and Firtel 1989) were used for complementation. The genotypes of the formed cell lines are listed in Table 3 , together with colloquial names used throughout the text. The cell line [cARlA311] was constructed by cotransformation of pB 18cARA(311-392) and pATANB43 into A208.
DNA and RNA preparation and analysis
For PCR, DNA was prepared from pools of 3-12 wells. Onetenth of the pooled DNA was used for PCR screening with a modification of the protocol included with Amplitaq (PerkinElmer). Genomic DNA was prepared as described (Sun et al. 1990 ) and digested with the indicated restriction enzymes. It was then electrophoresed in 0.7% agarose gels and transferred to nitrocellulose. For RNA blots individual clones were grown in suspension to 5 x 106 cells/ml, washed, and plated on non-nutrient agar dishes. Total RNA was prepared as described (Nellen (Maniatis et al. 1982) . DNA probes were made by the random priming method from fragments isolated from agarose gels (Feinberg and Vogelstein 1983) . The sequences of the oligonucleotides used for either PCR or genomic DNA blots and illustrated in Figure 1 are the following:
1.5'-CCTCTCTTTTCTTTTATTTTCAAATAATTATAGAACGC 2.5'-CCTGGGAACATAGTTGTACCACC 3.5'-CCGAATTCATGGGTCTTTTAGATGG 4.5'-CCGAATTCTCAATTATTTCCTTGACCATTTG 5.5'-CGGAATTAACCCTCACTAAAGGG cAR1 protein and cAMP-binding assay cAMP-binding assays were carried out as described previously (Van Haastert and Kien 1983) . Western blots were carried out on membranes prepared by the ammonium sulfate method and dissolved in SDS--gel loading buffer at a final density of 5 x 107 cell equivalents per milliliter. Samples were subjected to SDS-PAGE and transferred to nitrocellulose, and polyclonal rabbit antisera against cAR1 (Klein et al. 1987 ) and 12SI-labeled protein A were used to detect the receptor protein. Photoaffinity labeling of intact cells with Na a2P-labeled cAMP was carried out as described previously (Theibert et al. 1984) . Samples were subjected to SDS-PAGE, stained with Coomassie blue, destained, dried on Whatmann 3MM paper, and autoradiographed on Kodak AR X-ray film at -70°C with intensitying screens for 3--6 days.
Developmental program
Cells were allowed to develop in shaken suspension (100 rpm) in development buffer (DB) (5 mM Na2HPO4, 5 mM KH2PO4, 2 mM MgSO4, 0.2 mM CaC12) at 2 x 107 cells/rrd or on the surface of non-nutrient agar plates (DB, 1% agar) at 6.4 x 10Scell/cm 2.
Chemotaxis
For chemotaxis, cells were developed for the specified time on non-nutrient agar plates. The cells were then washed into DB and used in the small population assay to determine the chemotactic responsiveness toward cAMP or folic acid (Konijn 1970) . The cells were also time-lapse videotaped to observe the chemotaxis of each strain.
